Mass spectrometric study of low-pressure inductively coupled plasma for chemical vapor deposition of cubic boron nitride films 
Introductions
Cubic boron nitride (cBN) thin films have outstanding chemical and physical properties and thus have attracted interests of a large number of researchers in the past two decades [1] . Very recently, great progress has been made in the field of cBN film vapor phase deposition. For example, thick cBN films have been prepared by direct-current jetplasma chemical vapor deposition with the introduction of fluorine into the system [2] , and hetero-epitaxial growth of cBN on special substrates has been reported [3, 4] . We also found that the elimination of either an initial amorphous layer or a turbostratic BN (tBN) interfacial layer was possible with suitable pretreatments and deposition techniques even using Si as substrates [5, 6] . However, the mechanism of cBN vapor phase deposition remains to be elucidated [1, 7] . Further study is still required for a better understanding of the cBN nucleation and growth mechanisms. In addition, a precise diagnosis of the plasma environment is crucial.
In the present study, inductively coupled plasmaenhanced chemical vapor deposition (ICP-CVD) was applied to deposit cBN films [8, 9] . A quadrupole mass spectrometer (QMS) with an ion energy analyzer (IEA) was adopted to diagnose the plasma environment. The ions and neutrals in the plasma, together with the ion energy distribution (IED), were analyzed.
Experimental details
The experimental apparatus was similar to that in Ref. [8] , but the chamber was enlarged for large-area homogenous cBN film deposition. The 13.56 MHz RF excitation was coupled into the plasma with a three-turn coil around a water-cooled quartz tube 50 mm in diameter. The quartz tube was separated from the plasma by a 38-mm-diameter pyrolytic BN tube and a pyrolytic BN plate to minimize the contamination. N 2 and Ar gases (99.9999%) were fed into the reactor chamber from the top of the plasma source, while the boron source, the commercial 10% B 2 H 6 diluted in He, was introduced through a water-cooled copper probe penetrated through the plasma, and the outlet was positioned approximately 3 mm below the RF coil. The plasma was generated at approximately 1 mTorr with an input power ranging from 1 to 7 kW. Cubic BN films were deposited using a time-dependent biasing technique (TDBT) [9, 10] and characterized using a Fourier transform infrared spectrometer (JASCO FT/IR-700) with transmission mode and an analysis area of 200 £ 200 mm 2 at normal incidence. The differentially pumped QMS with an IEA (Hiden Analytical Limited EQP 3.1 spectrometer) was mounted on the substrate holder, and connected to an ion extractor with a 100 mm aperture. The aperture was positioned approximately 50 mm below the RF coil. In the neutral species measurement, the impact electron energy was set at 70 eV with an emission current of 100 mA. In appearance mass spectrometry, the electron energy was scanned from 10 to 40 eV with an energy step of 0.1 eV and an emission current of 100 mA. In the IED analysis, the substrate and its holder were removed, and no bias was applied. Table 1 lists the measured ionization potentials of the B X H Y (X ¼ 1-2, Y ¼ 0 -6) species decomposed from the B 2 H 6 þ He þ N 2 þ Ar mixture gas system without plasma. The energy scale was calibrated by measuring the Ar (15.8 eV) and He (24.5 eV) ionization thresholds. The interference of the B isotope can be eliminated according to Ref. [11] . The values measured in the present study are in good agreement with those in the literature [11, 12] . Fig. 1 shows the mass spectrum of neutrals under a typical plasma environment for film deposition. In addition to the strong peaks of source gases of N 2 , Ar, traces of O 2 (32 amu), CO 2 (12 and 44 amu) and H 2 O (1, 2, 16, 17 and 18 amu) were detected. However, no signals of the neutral species of B X H Y were detected even by appearance mass spectrometry. Moreover, signals of neutral N, H and H 2 were also too weak to be detected by appearance mass spectrometry under this condition. Therefore, N 2 , He and Ar are considered to be the main neutrals under this plasma environment for film deposition. Note that the signal of He is also weak in Fig. 1 due to its small ionization crosssection. Fig. 2 shows the contents of ions under the same condition as that in Fig. 1 . Besides the ions of Ar þ were detected. Accordingly, the boron source gas, B 2 H 6 , is completely ionized, but not decomposed to neutrals, under the plasma conditions above 2 kW input power. Fig. 3 shows the cBN growth rate, ion contents and the relative ion fluxes normalized by their concentrations plotted as a function of [N 2 /(N 2 þ Ar)], respectively. Fig.  3a can be divided into three parts: films with a pure cubic phase upper layer are prepared in region B, merely tBN films or tBN/cBN mixture films are deposited in region C, while region A is the sputtering-effects-dominated region, and almost no film can be deposited on the substrate when the B 2 H 6 and N 2 concentrations are below 2%. Fig. 3b illustrates that the content of ions corresponding to nitrogen Fig. 2 . Ion species under the same plasma conditions as those in Fig. 1 .
Results and discussions
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increases from 2 to 18%, the content of ions corresponding to nitrogen (N 2 þ þ N þ ) increases only from approximately 3.0 £ 10 7 to 7.5 £ 10 7 (in arbitrary units), indicating a decrease in the degree of N 2 ionization. Moreover, the N þ content is revealed to approximately equal that of N 2 þ in N 2 þ Ar plasma and to be even higher than that of N 2 þ at lower N 2 concentrations, while the N þ content is found to be much lower than that of N 2 þ in pure N 2 plasma. Therefore, N 2 in plasma is only partially ionized, and the introduction of Ar into the N 2 plasma enhances the degree of N 2 ionization, and in particular N þ content, in agreement with
Wang and Olthoff's measurements [13] . Since the exact degree of ionization is difficult to measure, we used the relative ion flux normalized by its concentration (F R ¼ ion content/concentration) to evaluate the degree of ionization. As is shown in Fig. 3c , F R;N þ and F R;N2 þ decrease sharply with a slight increase in the N 2 concentration, particularly at lower concentrations, while F R;Ar þ remains almost constant. Films with a pure cBN upper layer can only be prepared under the environment of high F R;N þ and F R;N2 þ ; which suggests that the degree of N 2 ionization, but not the degree of Ar ionization, controls the cBN growth. From Fig. 3 , it is also evident that the cBN growth rate increases with increasing content of ions corresponding to nitrogen
This finding suggests that, in the present ICP-CVD process, N þ or N 2 þ ions are the main nitrogen source for cBN formation. However, the cBN growth rate then decreases even though the N þ þ N 2 þ content continues to increase as the N 2 concentration exceeds approximately 8%, under the environment of low F R;N þ and F R;N2 þ : Because the neutrals under these plasma conditions are N 2 , He and Ar, N 2 is considered to be the main neutral to interact with the growth surface, and this interaction suppresses the cBN formation. Fig. 4 shows the sp 2 -bonded BN and cBN growth rate plotted as a function of N 2 /(N 2 þ Ar). On the right-hand side where the N 2 concentration was higher than 10%, the sp 2 -bonded BN growth rate increased quickly with increasing N 2 concentration. At the same time, the cBN growth rate decreased, and the upper layer of the prepared films became merely tBN films or tBN/cBN mixture films [9, 10] . Thus, the increase in the N 2 concentration in plasma enhanced the tBN growth, leading to the suppression of cBN growth.
Because of a low degree of N 2 ionization under the present plasma conditions, in the time span between two ion bombardments, the interaction between neutral N 2 and the growth surface cannot be neglected. In addition, it was found that the source species for BN growth are , respectively. Films were deposited using TDBT from 2150 to 220 V at 7 kW plasma power. During the gas flow adjustment, the ratio of B/N was maintained at 1. A, B and C corresponds to the sputtering-effect-dominated region, the cBN growth region and the tBN growth region, respectively. Fig. 4 . The sp 2 -bonded BN growth rate plotted as a function of N 2 /(N 2 þ Ar), for comparison, the cBN growth rate is also shown. Films were deposited using TDBT from 2150 to 220 V at 7 kW plasma power. During the gas flow adjustment, the ratio of B/N was maintained at 1. Films with a pure cubic phase upper layer were prepared on the left side of the gray line, while merely tBN films or tBN/cBN mixture films were prepared on the right side of the line. and the growth surface becomes more and more important. Note that the existence of an ion energy window [8, 9] for cBN growth in the present process indicates that below a certain ion energy threshold, only tBN can be prepared. Accordingly, the tBN growth rate increases with increasing N 2 concentration, leading to the decrease in the cBN growth rate. In the case of the mass-separated ion-beam deposition process, only 14 N þ and 11 B þ have been used, without the assistance of Ar þ bombardment, but cBN films with more than 85% cubic phase have been prepared [14] . This again indicates that the interaction between the N 2 * and the growth surface is the main reason for suppressing the cBN formation in the present process. Introduction of Ar into the plasma successfully reduces the interaction between the N 2 * and the growth surface, and at the same time, the degree of N 2 ionization is also increased, thus enhancing the cBN growth.
Conclusions
In summary, the QMS-IEA analysis of the ICP-CVD system revealed that the entire B source existed as ions, while N 2 was only partly ionized. Chemical species under the present plasma conditions were revealed to be 2 , Ar and He. The main sources for cubic BN formation are ions produced by plasma in the ICP-CVD process. The interaction between N 2 * and the growth surface resulted in tBN growth thus leading to the suppression of cBN growth, and this surface interference can be reduced by the introduction of Ar into the system.
